
Elevated Temperature Toughness and a 
Dimensionless Parameter Involving the 
Zero-Ductility Temperature 

The loss in ductility of steels at elevated temperatures 
has been attributed to incipient fusion of the grain 
boundaries. Studies of this phenomenon revealed a pat
tern of behavior that enables prediction of zero ductility 
temperature from a single measurement of a steel of 
known composition. 
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ABSTRACT. Elevated temperature 
toughness values were obtained for a 
Cb strengthened high-strength low-
alloy (HSLA) steel, a 4140 steel, and a 
304 stainless steel in the tempera
ture range from 1 500 F up to the zero-
ductility temperature (ZDT). Tough
ness, as indicated by the absorbed 
energy during tensile testing, was 
determined by measuring the area 
under the stress-strain curve using a 
calibrated planimeter. Specimens 
were deformed at constant head 
velocities of 1 i n . / sec (4140) and 2 
in. /sec (HSLA and 304) in an argon 
atmosphere. Toughness decreased 
con t inuous ly w i t h inc reas ing 
temperature above 1500 F and dis
played a linear variation over a range 
of temperatures which depended 
upon the material studied. Energy 
values were then incorporated into a 
dimensionless parameter involving 
the ZDT. The ZDT parameter was 
found to be linearly related to several 
compositional var iables over a 
temperature range of 1 600 to 2100 F. 
Using this parameter, it is possible to 
calculate the ZDT from a single hot 
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ductility test providing the material 
composition is known. 

Introduction 

When a metal is deformed above 
approximately 0.5 to 0.7 Tm, where Tm 
is the absolute melting temperature 
of the metal involved, the deforma
tion is termed hot-working. The im
portance of hot-working in the 
production of steel has been dis
cussed by Yeo et al ' who indicated 
that over 50% of the steel produced 
annually is hot rolled. 

A number of hot workabil i ty tests 
are currently in use and the ad
vantages and disadvantages of these 
tests have been discussed by several 
authors.2 3 Test methods currently 
being used include scaled down prac
tical working operations, tension, 
compression, torsion, upset, wedge, 
and impact tests. None of these tests 
ideally satisfies all of the require
ments of a good test method,3 how
ever, and the choice of method de
pends upon the exact nature of the 
information required. A method of 
calculating the absorbed energy dur
ing hot tensile testing would be de
sirable because it would provide a 
measure of the elevated temperature 
toughness in addition to hot ductility 
data. 

Turner4 has recently discussed the 
expression proposed by Augland5 for 
determining the absorbed energy 
from instrumented impact tests. The 
energy measured from the pendulum 
in the conventional way agrees wel l 
(e.g. to w i th in 10%) w i th that cal
culated from the load-displacement 
records. Kator6 employed a similar 

expression for measuring the energy 
absorbed in a tensile test to deter
mine the susceptibility of unalloyed 
steels to high-temperature britt le
ness. Susceptibility may be deter
mined by the specific work of fracture 
which is proportional to the area 
under the stress-strain curve. 

As the melting temperature is ap
proached, ducti l i ty sharp ly de
creases7 '1 0 due to incipient fusion of 
the grain boundaries11, a process 
termed "burn ing. " VanVlack10 indi
cated that this was due not only to 
low-melt ing point FeS formation, but 
also to low-melt ing-point oxide-sil i
cate phases which flux the MnS 
phases. The temperature at wh ich 
the drop in ductil ity occurs is a sensi
tive measure of the solidus of the al
loy12 and is intimately related to the 
incidence of cracking in arc weld 
heat-affected zones. 13 Nippes et al 14 

have shown that there are marked dif
ferences between the e levated 
temperature properties of different a l 
loys, and also between different 
heats of the same alloy. They empha
sized that the results of the hot-duc
tility tests appear to correlate w i th 
the behavior of the materials in 
service. 

In a recent review article, Weiss et 
al 15 have defined the temperature at 
which the specimen in a tension test 
exhibits no measurable reduction-in-
area as the zero-ductility temperature 
(ZDT). Further, they defined the 
temperature at which the specimen 
exhibits no measurable strength as 
the zero-strength temperature. From 
microstructural observations, they 
concluded that the falloff in ductility 
was related to incipient melting of the 
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Table 1 

4140 
HSLA 

304 

4140 
HSLA 

304 

—Composition of Steels 

C 

0.39 
0.11 
0.053 

B 

— 
0.003 
— 

Mn 

0.81 
0.84 
1.64 

N 

— 
0.006 
— 

Used in 

Si 

— 
0.29 
0.016 

P 

0.012 
0.018 
0.026 

This Investigati 

Mo 

0.18 
0.31 
0.053 

S 

0.030 
0.025 
0.016 

on (Per Cent) 

Al 

— 
0.03 
— 
Cr 

0.90 
— 

•18.42 

Cb 

— 
0032 
— 
N 

— 
— 
8.69 

grain boundaries, whi le the zero-
strength temperature was related to 
the presence of a molten volome frac
tion of a few percent. Further, the 
data support the existence of a 
relationship between partial liquation 
and hot cracking in weld heat-af
fected zones. Thus, knowledge of hot-
ductility characteristics should al low 
prediction of the properties of partial
ly liquated weld regions and the weld 
performance of various alloys. Weiss 
et al 15 stated that approximately 30 
hot-ductility specimens were re
quired to adequately establish the per
formance of a material in this high-
temperature region. A large part of 
the hot-ductility testing conducted on 
the "Gleeble" has as its objective 
the determination of the ZDT and re
lated parameters. While it is possible 
to determine the ZDT wi th much 
fewer specimens than indicated 
above, a minimum of approximately 
10 specimens is necessary. If a meth
od could be found to reduce the num
ber of tests required, it would result in 
considerable savings of both t ime and 
money. 

Experimental Details 

Materials and Specimen Geometry 

The materials used in this investi
gation consisted of an AISI 4140 
steel, a Cb strengthened high-
strength low-alloy (HSLA) steel, and a 
304 stainless steel w i th compositions 
as given in Table 1. Al l were commer
cial quality materials and were tested 
in the as-received condition of 14 in. 
diam round bars. The bars were cut to 
lengths of 41/2 in. (4140 and HSLA) 
and 4% in. (304) and the ends were 
threaded. Heated gage langths were 
1.0 in. (4140 and HSLA) and 11 /2 in. 
(304) wi th deformation gage lengths 
of approximately Vt in. (4140 and 
HSLA) and 1/3 in. (304). Since the 
specimens were resistance heated, it 
was difficult to determine the 
deformation gage length accurately 
due to the presence of an axial ther
mal gradient. Tests were performed 
at constant head velocities of 1 
in./sec (4140) and 2 in. /sec (HSLA 
and 304) in an argon atmosphere. 
The different head velocity for the 

4140 steel is due to the fact that orig
inally the 4140 was not intended to 
be used in the present investigation. 

Apparatus 

The primary testing apparatus was 
the "Gleeble," a device specifically 
designed to study elevated tempera
ture mechanical properties and the ef
fects of various thermomechanical 
treatments on those properties.16 

Basically, the apparatus employs a re
sistance heated specimen held in wa
ter cooled copper jaws. Thermal and 
mechanical cycles are programmed 
on an electronic function generator to 
duplicate any desired thermomechan
ical t r ea tmen t . Loading is 
pneumatically actuated and hy-
draulically controlled to maintain a 
constant head velocity. Raw data is 
recorded automatically on a direct 
print visicorder. 

Experimental Technique 

Absorbed energy was calculated 
from the area under the load-time 
curve using an expression involving 
quantities measurable on the Glee
ble. The energy expression may be 
derived as follows: 

Energy •M. PVdt 

Table 2—Thermal-Mechanical Cycles 

1) AISI 4140 steel 
Heated to 2300 F in 5 sec 
Held at 2300 F for 5 sec 
Cooled to test temperature in 5 sec 
Held at test temperature for 5 sec 
Deformed in tension at 1 in./sec 

2) HSLA steel 

Heated to 2300 F in 5 sec 
Held at 2300 F for 15 sec 
Cooled to test temperature in 5 sec 
Held at test temperature for 5 sec 
Deformed in tension at 2 in./sec 

3) 304 stainless steel 

Heated to 2100 F in 10 sec 
Held at 2100 F for 20 sec 
Cooled to test temperature in 10 sec 
Held at test temperature for 10 sec 
Deformed in tension at 2 in./sec 

where P = load 

I = length 

V = head velocity (in./sec) 

= constant 

t = t ime (sec) 
Thus, 

Let 

Energy = V I P dt 

Jo 
P dt = Area 

under the load-time curve (lb-sec) 

Then 
Energy = V0 A P I (in.-lb) 

For a given tensile test the actual 
head velocity was obtained from the 
elongation curve and the area A N 
was measured using a calibrated 
planimeter. This then allowed the ab
sorbed energy to be calculated as a 
function of the hot working tempera
ture. Results were plotted as ab
sorbed energy (in.-lb.) vs test 
temperature (deg F). 

Thermal-Mechanical Cycles 

Spec i f ic t h e r m a l - m e c h a n i c a l 
cycles used wi th each material tested 
are given in Table 2. The thermal 
cycle for the 4140 steel was designed 
to austenitize the material. For the 
HSLA steel a peak temperature of 
2300 F was required to austenitize 
the material and to put the Cb into 
so lu t ion . 1 7 1 9 For the 304 stainless 
the cycle was selected to homogenize 
the material prior to deformation. 

Results and Discussion 

Elevated Temperature Toughness 

In Fig. 1, absorbed energy is plotted 
as a function of test temperature for 
the AISI 4140 steel, the HSLA steel, 
and the 304 stainless steel. Each ma
terial exhibits a continuous decrease 
in absorbed energy w i th increasing 
test temperature fol lowed by a 
precipitous drop in energy. This be
havior reflects the temperature de
pendence of the load and ductility. As 
the testing temperature increases 
above approximately 1500 F, duc
til ity, as measured by the reduction-
in-area, increases to a maximum 
value and then remains relatively con
stant until the precipitous drop to a 
very low value occurs due to incipient 
melting (Fig. 2). Simultaneously, the 
load decreases w i t h inc reased 
temperature as shown in Fig. 3. The 
continuous drop in energy thus pri
marily reflects a decrease in load at a 
relatively constant, high ductil ity level 
whi le the precipitous drop corre
sponds to the drop in ductility due to 
incipient melting. 

High ductil ity up to the point of 

W E L D I N G R E S E A R C H S U P P L E M E N T ! 603 -s 



IOO 

80 

S 6 0 

| 4 0 

18 22 
Temperature ( l 0 2 o F ) 

Fig. 1—Absorbed energy as a function of test temperature for the 
AISI 4140 steel, the HSLA steel, and the 304 stainless steel 

Fig. 2—Reduction-in-area vs test temperature for the AISI 4140 
steel, the HSLA steel, and the 304 stainless steel 

14 
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OHSLA Steel 

A 304 Stain/ess Steel 
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incipient melting leads to a rather 
significant amount of absorbed ener
gy even at temperatures just below 
the ZDT. Comparison of energy 
values for the 4140 steel w i th those 
of the other two steels is difficult due 
to differences in head velocity, 1 
in./sec for the 4140 and 2 in. /sec for 
the HSLA and 304 stainless steels. 
There were also some slight dif
ferences in gage lengths. Even allow
ing for these factors, it appears that 
in order of increasing toughness, 
these materials should be listed as 
4140, HSLA, and 304 stainless steel. 

An interesting aspect of the energy 
curves is a region of linear variation 
wi th test temperature. The tempera
ture range over which this linear 
variation occurs varies w i th the par
ticular material, but for all three ma
terials it is approximately bound on 
the upper end by 2300 F. The lower 
bound varies from less than 1500 F 
for the 4140 steel to about 1 900 F for 
the 304 stainless steel. Initially, it ap
peared that this linear region might 
be extrapolated out to the tempera
ture axis and provide a means of 
determin ing the zero duc t i l i t y 
temperature from a few low tempera
ture tests. As can be seen in Fig. 1, 
this does not provide an accurate 
measure of the ZDT, thereby leading 
to the development of a dimension
less parameter. 

Zero-Ductility Temperature (ZDT) 
Parameter 

The f o l l o w i n g d i m e n s i o n l e s s 
parameter was developed involving 
only quantities measurable in a hot-
ductility test using the Gleeble: 

L ULT-V/A 7 T 

ZDT 

• AISI 4140 Steel fltn/secj 
OHSLA Sleel IBin/sec) 
^304 Stainless Steel (2m/secl 

Temperature ( l 0 2 o F) 

Fig. 3—Ultimate load vs test temperature 
for the AISI 4140 steel, the HSLA steel, 
and the 304 stainless steel 

where 
LUh = Ultimate load (lb) 
A ' = Actual reduction-in-area (ft2) 
EABS = Absorbed energy (ft-lb) 
(As measured by the technique dis
cussed in the previous section). 
T = Test temperature (deg F) 
ZDT = zero-ductility temperature 
(deg F) 

The ZDT is the only factor which can
not be measured in a single hot-duc
til ity test. 

In Fig. 4, the ZDT parameter is plot
ted as a function of the compositional 
parameter In (CS/PMn) for various 
test temperatures, where C, S, P, and 
Mn are the actual carbon, sulfur, 
phosphorus, and manganese con
tents, respectively, in weight percent, 
as determined by chemical analysis. 
It is significant that there appears to 
be a definite relationship between 
these two parameters. More im
portantly, the independence seems to 
be linear over a rather broad tempera
ture range from 1600 to 2100 F in
clusively. Wi th this relationship, it 
may be possible to calculate the ZDT 
from a single hot-ductil ity test provid
ing the composition is known. 

In an effort to expand the range of 
the compositional variables, other re
lationships were considered. One re-

604-s I D E C E M B E R 1 9 7 2 



suit is shown in Fig. 5 in which the 
ZDT parameter is plotted as a func
t ion of R, where: 

_ _ 2 (Carbide Forming Elements) 
Carbon 

times 2 (Low Melt ing Elements) 

Again, there is a definite relationship 
between these two parameters and 
the variation appears linear over the 
1600 to 2100 F temperature range. 
This then provides an alternative to 
the first relationship and lends 
further support to the conclusion that 
the ZDT parameter varies in a con
tinuous manner wi th the material 
composition. There is no reason to be
lieve the relationships developed 
here should not also apply to the zero-
strength temperature. 

Conclusions 
1. Absorbed energy decreased 

continuously as the temperature in
creases above 1 500 F up to the ZDT 
and is signif icant even at tempera
tures just below the ZDT. 

2. A precipitous drop in energy oc
curs at the ZDT. 

3. Absorbed energy varies linearly 
w i th temperature over a range which 
depends upon the material being 
studied. 

4. A dimensionless parameter has 
been developed which contains the 
ZDT as wel l as a number of quantit ies 
which may be measured in a hot-duc
ti l i ty test. 

5. The ZDT parameter varies linear
ly wi th at least two compositional 
parameters over the temperature 
range of 1 600 to 2100 F. Therefore, it 
may be possible to determine the ZDT 
from a single test, provided the 
composition is known. 
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